Purpose: Gefitinib is an inhibitor of the epidermal growth factor receptor (EGFR) tyrosine kinase. Continuous inhibition of EGFR signaling is thought necessary for optimal inhibition of tumor cell proliferation. We hypothesized that continuous gefitinib may antagonize the effects of cytotoxics that inhibit tumor cells in other phases of the cell cycle. Furthermore, we hypothesized that intermittent dosing would allow for dose escalation and greater inhibition of EGFR-dependent antiapoptotic pathways.
INTRODUCTION
The HER family of receptor tyrosine kinases, which includes epidermal growth factor receptor (EGFR), HER2, HER3, and HER4, is often overexpressed, amplified, or mutated in human epithelial malignancies and probably plays a pathogenic role in some tumors (1, 2) . HER kinase activation may deregulate growth, desensitize cells to apoptotic stimuli, and regulate angiogenesis (3, 4) .
Gefitinib (Iressa, ZD1839) is an orally active EGFR tyrosine kinase inhibitor (5) . At higher concentrations than those that inhibit EGFR, gefitinib also inhibits HER2. Gefitinib inhibits the growth of several cancer cell lines and xenografts but its clinical activity does not correlate with EGFR expression (4 -9) . In phase I/II trials of this agent, significant tumor regressions were observed in 10% to 20% of patients with chemotherapy-refractory non -small cell lung cancer (10, 11) . Based on these observations, gefitinib was approved by the Food and Drug Administration for use in this setting. Recently, somatic mutations in the EGFR gene have been identified in tumors of patients with non -small cell lung cancer who responded to gefitinib (12, 13) . Preliminary data suggest that these mutations increase the affinity of gefitinib for the receptor and that they correlate with response to this agent. A second common EGFR mutation formed by an in-frame deletion and insertion of glycine at the fusion junction of the extracellular domain (EGFRvIII) is found in patients with glioblastoma (14) . This mutation leads to constitutive receptor dimerization and, therefore, kinase activation. Although clinical activity has been reported with gefitinib in patients with glioblastoma, the predictive value of the EGFRvIII mutation for response to this agent remains unknown (15) .
Anti-EGFR (cetuximab, Erbitux) and anti-HER2 (trastuzumab, Herceptin) antibodies have been shown to enhance the activity of cytotoxic chemotherapies in animal models (16, 17) . These preclinical findings prompted clinical studies in which Herceptin was combined with paclitaxel (breast cancer) and Erbitux with irinotecan (colon cancer). These studies show that the trastuzumab/paclitaxel combination is significantly more effective than either agent alone in the treatment of breast cancer patients with HER2 amplification and the cetuximab/irinotecan combination is active in patients with irinotecan-refractory colon cancer (18, 19) .
In mice, gefitinib has also been shown to synergize with cytotoxic chemotherapies (7) . Based on these results, two large phase III clinical trials of gefitinib and chemotherapy were initiated in patients with non -small cell lung cancer, but in both cases, these studies did not show an advantage of the combination over chemotherapy alone (20, 21) . Studies of the EGFR inhibitor erlotinib (Tarceva) and chemotherapy also failed to show any advantage of the combination over singleagent therapy (22) . Because gefitinib causes G 1 growth arrest of EGFR-dependent tumor cells, we hypothesized that continuous administration of this agent may attenuate the effects of tubulin inhibitors such as paclitaxel that arrest cells in mitosis. We therefore treated xenograft-bearing mice with the paclitaxel/gefitinib combination using both pulsatile and continuous dosing schedules. We found that the maximally tolerated dose (MTD) of gefitinib was higher when administered intermittently and that pulsatile dosing was significantly more active than continuous therapy.
MATERIALS AND METHODS
Materials. Gefitinib (ZD1839, Iressa) was obtained from AstraZeneca Pharmaceuticals (Cheshire, United Kingdom). For cell culture studies, the drug was dissolved in DMSO and stored at À20jC. The following antibodies were used for immunoblotting: Akt, P-Akt (Cell Signaling, Beverly, MA), EGFR, HER2, and HER3 (Santa Cruz Biotechnology, Santa Cruz, CA).
Cell Culture. The human cancer cell lines BT-474, A431, and SK-LC-16 (American Type Culture Collection, Manassas, VA) and CWR22rv1 (Dr. Thomas Pretlow, Case Western Reserve University, Cleveland, OH) were maintained in a 1:1 mixture of DMEM:F-12 or RPMI supplemented with 2 mmol/L glutamine, 50 units/mL penicillin, 50 units/mL streptomycin, and 10% heat-inactivated fetal bovine serum (Gemini Bioproducts, Calabasa, CA) and incubated at 37jC in 5%CO 2 .
Animal Studies. Four-to six-week-old nu/nu athymic female mice were obtained from the National Cancer InstituteFrederick Cancer Center and maintained in ventilated caging. Experiments were carried out under an Institutional Animal Use and Care Committee -approved protocol and institutional guidelines for the proper and humane use of animals in research were followed. BT-474 tumors were generated by injecting 1 Â 10 7 BT-474 tumor cells together with reconstituted basement membrane (Matrigel, Collaborative Research, Bedford, MA). Before tumor cell inoculation, 0.72 mg/d 17h-estradiol pellets (Innovative Research of America, Sarasota, FL) were inserted s.c. in the left flank. All other tumor models were maintained by s.c. transplantation as follows: after growth of a seed tumor, a cell suspension in RPMI medium was prepared from the excised tumor and centrifuged for 5 minutes at 1000 Â g, and the pellet was mixed with Matrigel and aliquots of tumor cell suspension were then implanted in a group of mice.
When tumors reached 5 to 6 mm in diameter, mice were randomized among control and the various treatment groups. A stock solution of paclitaxel was prepared in a 1:1 solution of Cremophor EL (Sigma, St. Louis, MO) and ethanol at a concentration of 10 mg/kg. This solution was held at À4jC for no longer than 2 weeks and was diluted with saline before injection. Paclitaxel was given weekly by i.p. injection. Gefitinib was dissolved in distilled water with 0.5% lactic acid (85%, Fisher Scientific, Pittsburgh, PA) to prepare a 40 mg/mL stock solution, which was stored until use at 4jC. Gefitinib was given by p.o. gavage. Mice were sacrificed by CO 2 euthanasia. The average tumor diameter (two perpendicular axes of the tumor were measured) was measured in control and treated groups by caliper. The data are expressed as the increase or decrease in tumor volume in cubic millimeters (mm 3 = 4/3pr 3 ). Differences between treatment arms were analyzed using the Wilcoxon rank sum test using the SAS 8.2 program.
Immunoblotting. To prepare lystates from xenograft tumors, flash-frozen tumor tissue was homogenized in modified radioimmunoprecipitation assay buffer (0.1% SDS, 1% NP40, 1% sodium deoxycholate, 10% glycerol, 1 mmol/L EDTA, 1 mmol/L h-glycerolphosphate, 2.5 mmol/L sodium pyrophosphate, 2.5 mmol/L sodium orthovanadate, 10 mmol/L phenylmethylsulfonyl fluoride, and 10 Amol/L each leupeptin, aprotinin, and soybean trypsin inhibitor). Lysates were cleared by centrifugation, separated by SDS-PAGE, transferred to membrane, and immunoblotted using specific primary and secondary antibodies.
Immunohistochemistry. For immunohistochemical studies, xenograft tumors were washed with PBS and then fixed overnight in paraformaldahyde followed by dehydration in graded ethanols. Tissues were embedded in paraffin and sectioned at a thickness of 5 to 8 Am. To optimize antigen retrieval, slides were treated with 10 mmol/L citric acid at 100jC for 15 minutes. Immunohistochemical staining was done with antibodies directed against the following antigens: cleaved caspase 3 (Cell Signaling Technology, Beverly, MA) at 1 Ag/mL and phospho-histone H3 (Upstate Cell Signaling Solutions, Lake Placid, NY) at 5 Ag/mL.
RESULTS
To test whether intermittent gefitinib treatment was more effective than continuous therapy, we treated mice bearing BT-474 and MX-1 breast cancer xenografts with gefitinib, paclitaxel, or the combination in one of several possible sequences. The BT-474 cell line was chosen as the initial cell line for these experiments because this cell line is sensitive to gefitinib (IC 50 of 0.3 Amol/L) and exposure to gefitinib causes them to undergo arrest in G 1 (ref. 5; Fig. 1 ). At the time these studies were initiated, EGFR mutations in patients with nonsmall cell lung cancer had not yet been identified (12, 13 ). We have since tested and confirmed that the EGFR in BT-474 is wild-type and does not contain the EGFR mutations that are associated with response to gefitinib alone in patients with non -small cell lung cancer (23) .
xenografts. Twelve hours after treatment with a single dose, gefitinib (200 or 500 mg/kg) caused inactivation of mitogenactivated protein kinase and Akt and down-regulation of cyclin D1 ( Fig. 2 ; data not shown). Inhibition of these pathways was temporary and, by 24 hours, levels of P-Akt, P-MAPK and cyclin D had returned to baseline (Fig. 2) . Retreatment with a second dose of gefitinib at 24 hours led to a more prolonged effect on Akt activity and cyclin D1 expression (data not shown). HER2 expression in addition to activity was also found to be down-regulated after gefitinib treatment (Fig. 2) . Down-regulation of HER2 expression in cell culture model systems by HER kinase inhibitors has been reported previously and is the result of enhanced ubiquitylation and proteasomal degradation (25) .
For efficacy studies, we used as our standard arm gefitinib (65 mg/kg) for five consecutive days each week for 3 weeks with paclitaxel weekly on day 3. Using this schedule, we previously reported that gefitinib enhanced the activity of several cytotoxic agents in a broad range of tumor types (7). Due to enhanced toxicity, the dose of gefitinib needed to be reduced from 150 to 65 mg/kg when this agent was used in combination with paclitaxel (7) . Comparing this schedule to gefitinib given at the same dose (65 mg/kg) either pre-(days À1 and À2) or postpaclitaxel (days +1 and +2), we found that pretreatment with gefitinib was the most effective ( Table 1) . The improved efficacy of 2 days of pretreatment with gefitinib before paclitaxel was observed despite the lower total dose given (130 versus 325 mg/wk). A further increase in efficacy, including the induction of complete regressions (25%), was achieved by increasing the dose of gefitinib to 150 mg/kg Â 2 days before paclitaxel (total weekly dose, 300 mg/kg). No benefit over paclitaxel alone was seen in mice treated with paclitaxel first followed by 2 days of gefitinib (Table 1) . Similar results were observed using a second breast cancer xenograft model (MX-1), which also expresses wild-type EGFR. Using the MX-1 tumor model, we again observed that pretreatment with gefitinib using an intermittent dosing schedule was superior to continuous dosing and that gefitinib dose escalation using the intermittent schedule was well tolerated and resulted in even greater activity (Table 2) .
To determine the full benefit of intermittent dosing, we sought to define the MTD of gefitinib when dosed either once or twice weekly in combination with paclitaxel. We found that when used alone, intermittent gefitinib was less toxic than continuous dosing and that doses of up to 300 mg/kg twice weekly were well tolerated (Fig. 3) . Doses of 500 mg/kg twice weekly and higher resulted in unacceptable weight loss or death. When combined with paclitaxel, the MTD of gefitinib (300 mg/ kg) once or twice weekly was 4 -5 fold higher than the MTD when given daily (65 mg/kg).
We examined whether the increased dose of gefitinib allowed by the intermittent schedule conferred an advantage in tumor models with intermediate (CWR22rv1, prostate) and high (SK-LC-16, non -small cell lung cancer) levels of paclitaxel resistance. SK-LC-16 expresses wild-type EGFR and is resistant to gefitinib alone in cell culture and in vivo. Gefitinib was given at the schedule-specific MTDs (65 mg/kg for the continuous schedule and 250 mg/kg for the intermittent schedule). In contrast to BT-474 and MX-1, both SK-LC-16 and CWR22rv1 were highly resistant to gefitinib as a single agent. As was observed with MX-1 and BT-474, pretreatment with gefitinib using an intermittent schedule was much more effective than continuous gefitinib in enhancing the antitumor activity of paclitaxel, whereas as a single agent, gefitinib using either schedule was inactive in this model system ( Fig. 4 ; data not shown). The improvement with pulsatile dosing was Because SK-LC-16 was highly resistant to gefitinib alone using all schedules, we did additional studies of gefitinib alone using BT-474 to determine whether pulsatile dosing as a single agent was more effective than continuous dosing in a gefitinib-sensitive model. We found that when used as a single agent, pulsatile gefitinib (400 mg/kg on days 1 and 2 weekly Â 3 weeks) was no more effective than continuous dosing (150 mg/kg 5Â a week Â 3 weeks) with average treatment to control volume ratios of 0.65 for pulsatile dosing and 0.59 for continuous dosing (day 22 after initiation of treatment, P > 0.1).
Immunohistochemical analysis was done on tumors from mice sacrificed 12 and 24 hours following the week 2 paclitaxel treatment. In paclitaxel-and paclitaxel plus gefitinib -treated mice, evidence of mitotic block was observed with an increase in staining for phosphorylated histone H3 compared with control tumors or tumors treated with gefitinib alone. Large areas of necrosis were observed in tumors from animals treated with paclitaxel alone or with the combination, although no significant increase in apoptosis was observed at this particular time point. As we have reported previously, gefitinib enhancement did not correlate with the expression of EGFR or other HER kinases (Fig. 1) . In addition, enhanced activity with the combination was observed in tumor models sensitive (BT-474 and MX-1) and in those resistant (SK-LC-16 and CWR22rv1) to gefitinib as a single agent.
DISCUSSION
We show in this article that pulsatile administration of high doses of the EGFR tyrosine kinase inhibitor gefitinib (Iressa, ZD1839) before paclitaxel has significantly greater antitumor activity compared with either drug alone or to the combination of daily gefitinib and paclitaxel. In contrast, when gefitinib is administered as a single agent, the antitumor activity of the pulsatile schedule is not superior. These data suggest that by whatever mechanism, the dose and schedule required to elicit antiproliferative effects with this drug are different from those required to sensitize tumor cells to paclitaxel. We have begun a clinical trial based on this concept to determine its therapeutic relevance.
When used in combination with paclitaxel, intermittent treatment may be more effective for several reasons. First, intermittent therapy alters the toxicity profile of the drug, thus allowing for gefitinib dose escalation. Given the role of EGFR 
NOTE. The data reflect two experiments of four mice per group. Paclitaxel given qw Â 3 i.p. ZD1839 given p.o. The data presented are at the combination nadir, which represented the first measurement after completion of drug therapy.
Abbreviations: ZD, ZD1839; PTXL, paclitaxel; qd, every day. *Initial tumor diameter = 5.9 F 1 (109 mm 3 ). 
NOTE. Three experiments of four mice per group. Paclitaxel given qw Â 3 i.p. ZD1839 given p.o. The data presented are at the combination nadir, which represented the first measurement following completion of drug therapy.
*Initial tumor diameter = 6.4 F 0.4 (127 mm in activating prosurvival/ antiapoptotic pathways, the increased dose intensity of gefitinib therapy may result in more profound inhibition of such pathways and, thus, greater sensitization to chemotherapy. Whereas inhibition of Ras/mitogen-activated protein kinase and Akt activity was seen in BT-474 and A431 tumors (data not shown) treated with gefitinib, such effects were not seen in all cell lines tested and therefore the particular downstream target responsible for sensitizing to chemotherapy remains unknown and may vary as a function of the complement of mutations found in different tumor types. Because all the xenograft models used in this study expressed wild-type EGFR, it is possible that gefitinib dose escalation is more relevant in such tumors and would provide little additional benefit in tumors with EGFR kinase domain mutations in which the binding affinity of gefitinib for EGFR is 6-to 10-fold higher (13) . Second, the improved efficacy with pulsatile gefitinib treatment may be in part due to antagonism between continuous gefitinib treatment and paclitaxel. In some tumor types, treatment with gefitinib leads to down-regulation of D cyclin expression and G 1 growth arrest. Paclitaxel exerts its antitumor effects by stabilizing microtubules, and thus its cytotoxic effects occur during mitosis (26) . Therefore, pretreatment with a cytostatic agent such as gefitinib before paclitaxel may protect cells from paclitaxel-induced apoptosis by preventing their entry into the mitotic phase of the cell cycle. Such sequence-specific antagonism has been reported in cell culture model systems with EGFR inhibitors and other biological agents that cause G 1 growth arrest (27, 28) . It is likely that the contribution of such antagonism to the overall response to the paclitaxel-gefitinib combination is also cell line dependent. This is because sensitization was observed in tumors such as SK-LC-16 and CWR22rv1, which are highly resistant to gefitinib alone, and suggests that the optimal timing of gefitinib and paclitaxel administration may vary as a function of the sensitivity of an individual patient's tumor to gefitinib.
The improved efficacy of the dose-escalated intermittent gefitinib-paclitaxel combination may also be due to non-EGFR or non -tumor-cell-specific mechanisms. Specifically, higher doses of gefitinib may lead to inhibition of other targets within the cancer cell. Of particular interest would be HER2, which is inhibited with an IC 50 f10 times higher than that required to inhibit EGFR (5) . Effects of the combination on tumor endothelia leading to impaired angiogenesis or to changes in paclitaxel transport associated with gefitinib treatment may also be contributing to the added benefit observed with dose escalation (4). Fig. 3 Tolerability of gefitinib as a function of dose and schedule. Gefitinib-associated toxicities included weight loss (Wt Loss), skin rash, and diarrhea. Fig. 4 Treatment of mice bearing SK-LC-16 (top) and CWR22rv1 (bottom) xenograft tumors with gefitinib alone and in combination with paclitaxel (PTXL). Gefitinib alone had minimal antitumor activity. Intermittent gefitinib dosing allowed for dose escalation from 65 to 250 mg/kg. Pretreatment with gefitinib on days À2 and À1 only was dramatically more effective than daily Â 5 treatment (days À2 through +2). This difference was statistically significant in both SK-LC-16 (P < 0.0001) and CWR22Rv1 (P < 0.01). The data were analyzed by the SAS 8.2 program using Wilcoxon rank sum test. We believe that there are two general lessons of this work. First, dose and schedule matter and must be studied in preclinical models in light of the mechanism one is trying to elicit. Preferably, these studies will occur before initiation of large-scale clinical trials and the data obtained will be used to plan these trials. EGFR and other components of the signaling apparatus are pleiotypic regulators of proliferation, cell survival, angiogenesis, and other aspects of cell physiology. The dose and schedule required to optimally inhibit each of these processes may differ, as illustrated in this study and in the work of Kerbel and others, who have shown that lowdose continuous (chronotropic) administration of cytotoxics may have more antiangiogenic activity than traditional schedules (29) .
Second, it is generally believed that mechanism-based therapies are more likely to be effective than traditional ones and that they will work best in combination. However, the mechanism whereby the combinations work is rarely explored. Instead, the chemotherapeutic agent used in the combination is chosen because it is frequently used in the particular disease and the dose and schedule of each agent is determined empirically or from single-agent studies. For example, in the large phase III studies in which gefitinib was combined with standard chemotherapy for lung cancer, each agent was given at schedules determined empirically in single-agent studies (20 -22) . We propose that realization of the potential of targeted therapies will require the testing in clinic of hypotheses generated in preclinical models that concern the biological basis for the antitumor activity of the combination.
